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Although the use of pesticides in inner-city homes of the United States is of considerable magnitude,
little is known about the potentially adverse health effects of such exposure. Recent animal data
suggest that exposure to pesticides during pregnancy and early life may impair growth and neuro-
development in the offspring. To investigate the relationship among prenatal pesticide exposure,
paraoxonase (PONI) polymorphisms and enzyme activity, and infant growth and neurodevelop-
ment, we are conducting a prospective, multiethnic cohort study of mothers and infants delivered at
Mount Sinai Hospital in New York City. In this report we evaluate the effects of pesticide exposure
on birth weight, length, head circumference, and gestational age among 404 births between May
1998 and May 2002. Pesticide exposure was assessed by a prenatal questionnaire administered to the
mothers during the early third trimester as well as by analysis of maternal urinary pentachlorophenol
levels and maternal metabolites of chlorpyrifos and pyrethroids. Neither the questionnaire data nor
the pesticide metabolite levels were associated with any of the fetal growth indices or gestational age.
However, when the level of maternal PON1 activity was taken into account, maternal levels of chlor-
pyrifos above the limit of detection coupled with low maternal PON1 activity were associated with a
significant but small reduction in head circumference. In addition, maternal PON1 levels alone, but
not PONI genetic polymorphisms, were associated with reduced head size. Because small head size
has been found to be predictive of subsequent cognitive ability, these data suggest that chlorpyrifos
may have a detrimental effect on fetal neurodevelopment among mothers who exhibit low PON1
activity. Key words: chlorpyrifos, exposure assessment, fetal growth, neonatal, paraoxonase gene and
phenotype, pesticides, pregnancy, urinary biomarkers. Environ Health Perspect 112:388-391 (2004).
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The potentially adverse health effects of indoor
pesticide use on children have been raised as a
concern in several recent publications (Davis
and Ahmed 1998; Eskenazi et al. 1999;
Slotkin 1999). Children are at higher risk of
exposure due to their play close to the ground
and their frequent hand-to-mouth behavior.
Furthermore, infants exposed in utero and
during early neonatal life are particularly
vulnerable because of their rapid growth, cell
differentiation, immaturity of metabolic path-
ways, and development of vital organ systems
(Eskenazi et al. 1999; Landrigan et al. 1999).
Chlorpyrifos, an organophosphate, has
been the most commonly used pesticide in the
United States. Before the U.S. Environmental
Protection Agency’s (EPA) recent regulatory
action to phase out residential uses of chlor-
pyrifos, domestic use was estimated to have
accounted for nearly 50% of its applications
(Nixon 2000). In New York State in 1997,
the largest quantity of legally registered
pesticides was applied in the boroughs of
Manhattan and Brooklyn, and the most fre-
quently used pesticide was chlorpyrifos (CP)
(Thier et al. 1998). Whyatt et al. (2002), in a
study of African-American and Dominican
pregnant women in New York City, detected
chlorpyrifos and diazinon in 100% of personal
air monitor samples. In our study population,
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3,5,6-trichloro-2-pyridinol (TCPy; a metabo-
lite of chlorpyrifos) and 3-phenoxybenzoic
acid (PBA; a pyrethroid metabolite) were each
detected in more than 40% of prenatal urines
(Berkowitz et al. 2003). Because the half-lives
of these compounds are short (Leng et al. 1997;
Nolan et al. 1984; Uhl et al. 1986), these data
suggest that a large proportion of pregnant
women in the United States may have been
continuously exposed to low doses of these pes-
ticides. It has also been shown that CP residues
can persist for at least 2 weeks after application
and that dermal contact with sorbent surfaces
can further increase exposure (Gurunathan
etal. 1998).

The toxicity of CP relies in part on acetyl-
cholinesterase inhibition, which is the causal
mechanism behind the acute neurotoxic syn-
drome observed at short-term high-dose expo-
sure (Withney et al. 1995). Of greater concern
are the findings from iz vitro and animal stud-
ies that low-dose exposure to embryonic cells or
animals 77 utero or in early postnatal life can
produce neurochemical and neurobehavioral
changes, including decreased DNA synthesis,
decreased cell proliferation, changes in synoptic
proliferation, and reflex impairment (Chanda
and Pope 1996; Dam et al. 1999; Song et al.
1998; Withney et al. 1995). This has led to the

suggestion that the developing brain provides a

window of particular vulnerability to pesticide
exposure during the fetal and childhood period
(Dam et al. 20005 Eskenazi et al. 1999; Qiao
et al. 2003; Slotkin 1999).

Paraoxonase (PON1) is an enzyme that
acts as a phase-II detoxifying system for
arylester type moieties, including organo-
phosphate pesticide metabolites (Smolen
et al. 1991). Specifically, PON1 can detoxify
the chlorpyrifos oxon before it can inhibit
acetylcholinesterase in the peripheral and
central nervous systems (Furlong et al. 1988).
PONI also possesses more general antioxi-
dant effects on lipids and other phenolic
substances (Aviram et al. 2000).

The present study was set up to examine
the effects of in utero pesticide exposure on
fetal growth and neurodevelopment in a
cohort of infants delivered at Mount Sinai
Hospital in New York City. In this report we
consider maternal exposure to pesticides,
PONIT activity, and genetic susceptibility in
relation to indices of growth and gestational
age at birth among 404 infants.

Materials and Methods

The Children’s Environmental Cohort Study
is a prospective study that is following an eth-
nically diverse cohort of mother—infant pairs
at Mount Sinai Hospital in New York City.
Details regarding the study design and study
procedures have been described previously
(Berkowitz et al. 2003). Briefly, the mothers
were recruited consecutively during early
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pregnancy from the Prenatal Clinic and two
private practices at Mount Sinai Hospital
from March 1998 to March 2002. The study
includes only primiparas with singleton births.
In addition, excluded were mothers who had
their first prenatal visit after 26 weeks of gesta-
tion; mothers with serious chronic diseases
such as diabetes, hypertension, or thyroid dis-
ease or those who developed a serious preg-
nancy complication that could affect fetal
growth and development; and mothers who
consumed more than two alcoholic beverages
(wine, beer, hard liquor) per day or who used
illegal drugs. Mothers and infants were also
excluded if the child was born with a con-
genital malformation or severe prematurity
(< 1,500 g or < 32 weeks of gestation). A total
of 479 prenatal patients were recruited. Of
these, 75 were excluded because of medical
complications, very premature births, delivery
of an infant with birth defects, inability to
collect biologic specimens before birth, change
of hospital or residence outside New York
City, or refusal to continue to participate. The
final sample size for this analysis comprised
404 births. This study was approved by the
Institutional Review Board of the Mount
Sinai School of Medicine.

A prenatal questionnaire was administered
to the mothers during their third trimester to
obtain information on pesticide and other
environmental exposures, sociodemographic
characteristics, maternal health, and lifestyle
habits.

Participants’ data were linked to a comput-
erized perinatal database within the Department
of Obstetrics, Gynecology, and Reproductive
Science at Mount Sinai Hospital. From this
database we obtained information on delivery
characteristics and birth outcome, including
birth weight, length, head circumference, gesta-
tional age, and infant sex. Standardized clinical
techniques were used to measure birth weight,
length, and head circumference.

Maternal blood samples were obtained
during the third trimester at the time of rou-
tine venipuncture. Cord blood samples were
obtained at birth. These samples were used to
determine maternal and infant PON1 activity
and PONI polymorphisms. Maternal urine
samples were also obtained at the same time
as the maternal blood samples. Three pheno-
lic metabolites of pesticides were determined
in urine: TCPy, PBA, and pentachlorophenol
(PCP). TCPy, a CP metabolite, has been one
of the most commonly detected pesticide
metabolites. PBA is a possible metabolite of
several pyrethroid insecticides, including
sumithrin, permethrin, and cypermethrin.
Sumithrin was used to spray against the West
Nile Virus in New York City during the sum-
mer of 2000. PCP was widely used as a wood
preservative until the 1970s and is also a
metabolite of hexachlorobenzene and lindane

[Agency for Toxic Substances and Disease
Registry (ATSDR) 2001].

The analytic methods were adapted from
reported methods (Chang et al. 1996; Hill
et al. 1995; Nolan et al. 1984) and have been
described previously (Berkowitz et al. 2003).
Briefly, samples were hydrolyzed with acid fol-
lowed by solid phase extraction. High-perfor-
mance liquid chromatography (HPLC; Varian
Associates, Sugarland, TX) on a C18 column
was performed with ultraviolet detection
(290 nm). In addition, diode array detection
was used for confirmation at 2 additional
wavelengths—273 and 302 nm for TCPy
based on scans of external standards. For peaks
with a concentration more than four times the
limit of detection (LOD), we considered values
missing if the confirmation spectra was not
acceptable. The LOD was defined as three
times the standard deviation of water blanks
run with each batch over the course of the
analysis (7 = 44). The LODs were 11.0 pg/L
for TCPy, 15 pg/L for PBA, and 20 pg /L for
PCP. The proportion of our values below
LOD was 57% for TCPy, 43% for PBA, and
76% for PCP. These LOD:s are slightly differ-
ent from those reported previously (Berkowitz
et al. 2003) because the sample size was larger
for this study (7 = 404) than for the previous
report (7 = 386). Urinary concentrations were
corrected for creatinine levels and are expressed
as micrograms per gram creatinine.

PONT activity was assessed by measuring
the hydrolysis of phenylacetate (added to
plasma) to acetic acid and phenol, as previ-
ously described (Chen et al. 2002). The
categorization of PON1 activity into low,
medium, and high was based on its tertile dis-
tribution. The PONI genotypes were deter-
mined using restriction fragment length
polymorphism (RFLP) or allele-specific poly-
merase chain reaction (PCR). PONI has two
common polymorphisms in the coding
region, QI92R and L55M, and three com-
mon polymorphisms in the promoter region
at =909, —162, and —108. It has been shown
that the predominant promoter polymor-
phism contributing to the phenotype (enzy-
matic activity) is PON1-108 (Brophy et al.
2001; Chen et al. 2003). We have also shown
that L55M may be an independent contribu-
tor to phenotype (Chen et al. 2003).

Covariates to be used in multivariate
analyses were selected from variables known
to be associated with either pesticide exposure
or fetal growth. Only variables that were sta-
tistically significant (p < 0.05) were included
in the final models. Generalized linear models
were used to analyze the associations among
pesticide exposure (assessed by questionnaire
items as well as by urinary metabolite levels),
PONT activity, and birth weight; birth
length; head circumference; and gestational
age, adjusting for the selected covariates.
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The pesticide metabolite data were classified
as below and above the LOD. PROC GLM
in SAS (SAS Institute, Cary, NC) was used to
fit the models.

Results

The study population consisted of 404 moth-
ers and their infants. The patients were drawn
predominantly from East Harlem, but also
from other parts of New York City. The distri-
butions of sociodemographic characteristics
and reported pesticide use are given in Table 1.
The women were relatively young, with 35.4%
under age 20. The largest racial/ethnic group
was Hispanics, who are predominantly Puerto
Rican in our study population, followed by
African-Americans and whites. The proportion
of women who were single was 46.8%, with
another 24.5% who were cohabiting with the
infant’s father. As a reflection of the young age
distribution, 29.5% had not completed high
school, although 49.9% were college graduates
or had received some college education.

Almost half (46.2%) reported that they
or a household member had used indoor
pesticides during the pregnancy. When a
composite index of indoor pesticide use was
calculated on the basis of a positive response
to either household or exterminator applica-
tion, fumigation, or pesticide use in common
areas, 71.5% were classified as having been
potentially exposed (Table 1). No significant
sociodemographic differences were seen for
the latter estimate, although any reported
pesticide exposure tended to be higher for
younger women.

The medians and interquartile ranges for
the urinary pesticide metabolites (uncorrected

Table 1. Distribution of maternal sociodemographic
characteristics and pesticide use, Children’s
Environmental Health Study, Mount Sinai Hospital,
1998-2002 (total n = 404).

Characteristics No. (%)
Maternal age (years)

<20 143 (35.4)

20-24 132(32.7)

25-29 44(10.9)

30-34 63(15.6)

=35 22 (5.4)
Race/ethnicity

White 85(21.0)

African American 112(27.7)

Hispanic 201 (49.8)

Other? 6(1.5)
Marital status

Married 116 (28.7)

Living with the baby's father 99 (24.5)

Single/divorced/widowed/separated 189 (46.8)
Maternal education

Lower/middle school 119(29.5)

High school graduate 83(20.6)

Some college 103 (25.6)

College graduate 98 (24.3)
Pesticide use by household member 186 (46.2)
Any reported indoor pesticide use 289(71.5)
4Includes mixed race/ethnicity.
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for creatinine) were 7.6 (1.6-32.5) pg/L for
TCPy, 20.0 (2.4-69.8) pg/L for PBA, and
7.0 (2.0-19) pg/L for PCP. The respective
medians (and interquartile ranges) for the
creatinine-corrected metabolites were 11.5
(1.8-35.4) pgl/g creatinine for TCPy, 19.8
(4.8-62.9) pglg creatinine for PBA, and 8.0
(2.6-32.3) pglg creatinine for PCP. Apart
from higher TCPy levels for those who had
completed at least a high school education as
well as elevated PBA levels among those who
were married or cohabiting and those who
had completed high school or higher educa-
tion level, no other significant associations
were evident between sociodemographic char-
acteristics and the pesticide metabolite levels.
Models including race/ethnicity, infant
sex, and, where appropriate, gestational age
were used to evaluate the associations between
the questionnaire pesticide items and the
pesticide metabolite levels with birth size and
gestational age. Other potential covariates,
such as active and passive cigarette smoking,
prepregnancy body mass index, maternal
weight gain, blood lead levels, and cesarean
section delivery, were not included in the final
models because they did not affect the results

and only increased the variance. Marital status
and educational levels were too closely corre-
lated with race/ethnicity to be included in the
analysis. Neither pesticide use by a household
member nor any reported pesticide use was
associated with adjusted birth weight, adjusted
length, adjusted head circumference, or
adjusted gestational age (Table 2). Similarly,
no significant associations were observed
between adjusted birth outcomes and TCPy,
PBA, or PCP levels above and below the LOD
(Table 3).

A significant positive trend was found
between maternal paraoxonase activity and
head circumference among the offspring of
mothers whose TCPy levels were above the
LOD (Table 4). A similar trend was seen for
mothers with TCPy levels below the LOD,
but this was not significant. The test for inter-
action among TCPy level, PONT1 activity, and
head circumference was not statistically signifi-
cant (p > 0.05). Controlling for birth weight
or birth length did not alter these results.
Stratification by race/ethnicity showed similar
trends across all three racial/ethnic groups,
but the association was significant only for
African Americans. Excluding preterm births

Table 2. Pesticide questionnaire data and adjusted mean + SD of fetal growth and gestational age,
Children’s Environmental Health Study, Mount Sinai Hospital, 1998—2002.

Pesticide use by Any reported
household member pesticide use
Yes No Yes No
Birth outcome (n=186) (n=218) (n=289) (n=115)
Adjusted birth weight?(g) 3,301 + 457 3277 £419 3,295 + 461 3,269 + 407
Adjusted birth length? (cm) 505+25 506+2.3 505+26 50.7+22
Adjusted head circumference?(cm) 338+18 339+16 338+18 339+16
Adjusted gestational age? (weeks) 394+18 392+17 39418 39.0+16

aAdjusted for race/ethnicity, infant sex, and gestational age. ?Adjusted for race/ethnicity and infant sex. None of the

above differences was statistically significant.

Table 3. Adjusted mean + SD of fetal growth and gestational age in relation to pesticide metabolite level,
Children’s Environmental Health Study, Mount Sinai Hospital, 1998-2002.

TCPy Phenoxybenzoic acid Pentachlorophenol

<L0D >L10D <L0D >L10D <L0D >10D

Birth outcome (n=216) (n=171) (n=142) (n=185) (n=290) (n=92)
Adjusted birth weight? (g) 3284 +441 3296 +434 3,295+438 3,292+432 3,289 +468 3,287 +408
Adjusted birth length?(cm) 504+24 508+24 50.7+24 507+23 506+26 50.7+22
Adjusted head circumference?(cm) 33.8+17 338+17 33.7+17 339+16 338+18 34015
Adjusted gestational age? 393+18 393+17 394+18 39218 392+19 395:+16

aAdjusted for race/ethnicity, infant sex, and gestational age. ?Adjusted for race/ethnicity and infant sex. None of the

above differences was statistically significant.

Table 4. Adjusted mean + SD of fetal growth indices by tertiles of maternal paraoxonase activity and TCPy
level, Children’s Environmental Health Study, Mount Sinai Hospital, 1998-2002.

Birth weight?(g)

Birth length? (cm) Head circumference? (cm)

Mean + SD No. Mean + SD No. Mean + SD No.

TCPy < LOD
Low PON 3,237 + 456 76 50.3+£23 75 336+18 76
Medium PON 3,255 + 436 62 50.1+22 62 337117 62
High PON 3,337 + 444 71 50.3+£23 Al 34117 70

TCPy>L0OD
Low PON 3,278 + 395 47 509+23 46 33.3+£15* 47
Medium PON 3,327 + 406 57 51.0+2.3 57 340+15 57
High PON 3,270 + 409 55 50.8+2.4 55 34116 55

aAdjusted for race/ethnicity, infant sex, and gestational age. *p =0.014.
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did not affect the mean head circumferences
either below or above the LOD.

A similar trend was observed with head
circumference when maternal paraoxonase
activity was considered alone (i.e., without
level of TCPy); the adjusted means were
33.5 cm for the low PONT1, 33.9 cm for
medium PONI, and 34.1 cm for high PON1
activity (p = 0.004). No trends were seen for
birth weight or birth length for TCPy or the
other metabolite levels when maternal para-
oxonase level was taken into account. Infant
paraoxonase activity had no association with
any of the fetal growth measures.

The race/ethnicity-adjusted correlation
between PONI-108 genotype and PON1
activity was 0.08 for the mothers and 0.24 for
the infants. By incorporating the remaining
linked variants, the correlation was improved
somewhat for the mothers (» = 0.12) and
slightly for the infants (7= 0.28).

The maternal genotypes were weakly
associated with birth weight. For example,
adjusted mean birth weight was 3,242 g for
the maternal PONI-108 homozygous low-
activity allele, compared with 3,316 g for the
combined homozygous and heterozygous
high-activity allele (» = 0.085). No improve-
ment was seen for the combined effects of the
five maternal genotypes. No association was
seen between infant genotype and birth
weight. Furthermore, neither maternal nor
infant genotypes were associated with head
circumference or length at birth.

Discussion

To our knowledge, there are no published
reports on pesticide metabolites and birth
outcomes. Although we found no direct
effects of pesticide exposure based either on
questionnaire responses or the pesticide
metabolites on fetal growth or gestational age,
we observed a significant albeit small decrease
in head circumference when the levels of
paraoxonase activity and TCPy were consid-
ered jointly. Although the test of interaction
was not statistically significant, this is under-
standable because the trends were in the same
direction both above and below the LOD for
TCPy. This may be primarily a phenotypic
effect, but the association was significant only
among those whose TCPy level was above
LOD.

An adverse effect on head circumference is
biologically plausible because chlorpyrifos is a
potential neurotoxin that can be detoxified
by PON1 before it can inactivate acetyl-
cholinesterase in the peripheral and central
nervous system. It has been shown in animals
that serum paraoxonase activity is inversely
related to chlorpyrifos toxicity. Intravenous
injection of paraoxonase before CP challenge
has been shown to be protective in the rat
(Costa et al. 1990), and PONI knockout
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mice are more susceptible to organophosphate
toxicity (Shih et al. 1998).

A previous study (Roy et al. 1994) reported
a negative correlation between PONI1 activity
and birth weight. We found no significant rela-
tionship between PON1 activity or PONI
genes and birth weight. Variations in the
PON?2 gene have been associated with low
birth weight in Trinidadian neonates of South
Asian but not African ancestry (Busch et al.
1999). PON2 genes were not analyzed in our
study. However, we have shown that PON1
and PON2 are in linkage disequilibrium—that
is, the two genes are not randomly associated
on the same chromosome (Chen et al. 2003).
Therefore, the aforementioned effect may not
be caused by PON2.

The fact that the infant paraoxonase levels
were not associated with birth outcomes is
understandable. PONT1 is not well expressed
until after birth, and infant PON1 levels are
much lower during the first year of life than
maternal levels (Chen et al. 2003; Mueller
et al. 1983). Specifically, the expression of
PONI in infants is approximately one-third
that of their mothers (Chen et al. 2003). The
lower PONI activity in infants implies that
infants may be more susceptible than adults
to PON1-related toxicity, including exposure
to organophosphate pesticides. In our popula-
tion, both genotype and phenotype vary by
race/ethnicity, suggesting that different popu-
lations may have different susceptibility to
pesticides based on their national origin.

Head circumference has been shown to
correlate with brain weight (Lemons et al.
1981). Both brain size and head circumferences
are, in turn, predictive of IQ and cognitive abil-
ity (Lasky et al. 1981; Ounsted et al 1998;
Rushton et al. 1996; Willerman et al. 1991).
Brain volume has also recently been associated
with attention-deficit/hyperactivity disorder
(Castellanos et al. 2002). Furthermore, it has
been well documented that even small
increases in prenatal or early childhood expo-
sures to such environmental toxicants as lead
and polychlorinated biphenyls can be associ-
ated with significant decrements in 1Q and
academic achievement up to 11 years of age
(Bellinger et al. 1992; Jacobson and Jacobson
1996). It is not known what effects the decre-
ments in head circumference observed in this
study may have on IQ or behavior. The
infants, however, are being followed to assess
any cognitive or behavioral deficits.

REFERENCES

ATSDR. 2001. Toxiological Profile for Pentachlorophenol,
Update. Atlanta, GA:Agency for Toxic Substances and
Disease Registry.

Aviram M, Hardak E, Vaya J, Mahmood S, Milo S, Hoffman A,
et al. 2000. Human serum paraoxonases (PON1) Q and R
selectively decrease lipid peroxides in human coronary
and carotid atherosclerotic lesions: PON1 esterase and
peroxidase-like activities. Circulation 101:2510-2517.

Bellinger DC, Stiles KM, Needleman HL. 1992. Low-level lead
exposure, intelligence and academic achievement: a long-
term follow-up study. Pediatrics 90:855-861.

Berkowitz GS, Obel J, Deych E, Lapinski R, Godbold J, Liu Z,
et al. 2003. Exposure to indoor pesticides during pregnancy
in a multiethnic, urban cohort. Environ Health Perspect
111:79-84.

Brophy VH, Jampsa RL, Clendenning JB, McKinstry LA, Jarvik GP,
Furlong CE. 2001. Effects of 5" regulatory-region polymor-
phisms on paraoxonase-gene (PON1) expression. Am J Hum
Genet 68:1428—1436.

Busch CP, Ramdath DD, Ramsewak S, Hegele RA. 1999.
Association of PON2 variation with birth weight in Trinidadian
neonates of South Asian ancestry. Pharmacogenetics
9:351-356.

Castellanos FX, Lee PP, Sharp W, Jeffries NO, Greenstein DK,
Clasen LS, et al. 2002. Developmental trajectories of brain vol-
ume abnormalities in children and adolescents with atten-
tion-deficit/hyperactivity disorder. JAMA 288:1740-1748.

Chanda SM, Pope CN. 1996. Neurochemical and neurobehavioral
effects of repeated gestational exposure to chlorpyrifos in
maternal and developing rats. Pharmacol Biochem Behav
53:771-7176.

Chang MJ, Lin CY, Lo LW, Lin RS. 1996. Biological monitoring of
exposure to chlorpyrifos by high performance liquid chro-
matography. Bull Environ Contam Toxicol 56:367-374.

Chen J, Germer S, Higuchi R, Berkowitz G, Godbold J, Wetmur JG.
2002. Kinetic polymerase chain reaction on pooled DNA: a
high-throughput, high-efficiency alternative in genetic epi-
demiological studies. Cancer Epidemiol Biomarkers Prev
11:131-136.

Chen J, Kumar M, Chan W, Berkowitz G, Wetmur J. 2003.
Increased influence of genetic variation on PON1 activity in
neonates. Environ Health Perspect 111:1403-1409.

Costa LG, McDonald BE, Murphy SD, Omenn GS, Richter RJ,
Motulsky AG, et al. 1990. Serum paraoxonase and its influ-
ence on paraoxon and chlorpyrifos-oxon toxicity in rats.
Toxicol Appl Pharmacol 103:66-76.

Dam K, Garcia SJ, Seidler FJ, Slotkin TA. 1999. Neonatal chlor-
pyrifos exposure alters synaptic development and neuronal
activity in cholinergic and catecholaminergic pathways.
Brain Res Dev Brain Res 116:9-20.

Dam K, Seidler FJ, Slotkin TA. 2000. Chlorpyrifos exposure during
a critical neonatal period elicits gender-selective deficits in
the development of coordination skills and locomotor activ-
ity. Brain Res Dev Brain Res 121:179-187.

Davis DL, Ahmed AK. 1998. Exposures from indoor spraying of
chlorpyrifos pose greater health risks to children than cur-
rently estimated. Environ Health Perspect 106:299-301.

Eskenazi B, Bradman A, Castorina R. 1999. Exposures of children
to organophosphate pesticide and their potential adverse
health effects. Environ Health Perspect 107(suppl 3):409-419.

Furlong CE, Richter RJ, Seidel SL, Motulsky AG. 1988. Role of
genetic polymorphism of human plasma paraoxonase/
arylesterase in hydrolysis of the insecticide metabolites
chlorpyrifos oxo and paraoxon. Am J Hum Genet 43:230-238.

Gurunathan S, Robson M, Freeman N, Buckley B, Roy A, Meyer R,
et al. 1998. Accumulation of chlorpyrifos on residential
surfaces and toys accessible to children. Environ Health
Perspect 106:9-16.

Hill RH Jr, Shealy DB, Head SL, Williams CC, Bailey SL, Gregg M,
et al. 1995. Determination of pesticide metabolites in human

urine using an isotope dilution technique and tandem mass
spectrometry. J Anal Toxicol 19:323-329.

Jacobson JL, Jacobson SW. 1996. Intellectual impairment in
children exposed to polychlorinated biphenyls in utero.
N Engl J Med 335:783-789.

Landrigan PJ, Claudio L, Markowitz SB, Berkowitz GS, Brenner BL,
Romero H, et al. 1999. Pesticides and inner-city children:
exposures, risks, and prevention. Environ Health Perspect
107(suppl 3):431-437.

Lasky RE, Klein RE, Yarbrough C, Engle PL, Lechtig A, Martorell R.
1981. The relationship between physical growth and infant
behavioral development in rural Guatemala. Child Dev
52:219-226.

Lemons JA, Schreiner RL, Gresham EL. 1981. Relationship of brain
weight to head circumference in early infancy. Hum Biol
53:351-354.

Leng G, Leng A, Kuhn KH, Lewalter J, Pauluhn J. 1997. Human
dose-excretion studies with the pyrethroid insecticide
cyfluthrin: urinary metabolite profile following inhalation.
Xenobiotica 27:1273-1283.

Mueller RF, Hornung S, Furlong CE, Anderson J, Giblett ER,
Motulsky AG. 1983. Plasma paraoxonase polymorphism: a
new enzyme assay, population, family, biochemical, and
linkage studies. Am J Hum Genet 35:393-408.

Nixon P. 2000. Dursban uses reduced. lllinois Pesticide Review.
Available: http://www.pesticidesafety.uiuc.edu/newsletter/
htm|/200004a.html [accessed 6 February 2004].

Nolan RJ, Rick DL, Freshour NL, Saunders JH. 1984. Chlorpyrifos:
pharmacokinetics in human volunteers. Toxicol Appl
Pharmacol 73:8-15.

Qiao D, Seidler FJ, Tate CA, Cousin MM, Slotkin TA. 2003. Fetal
chlorpyrifos exposure: adverse effects on brain cell devel-
opment and cholinergic biomarkers emerge postnatally and
continue into adolescence and adulthood. Environ Health
Perspect 111:536-544.

Ounsted M, Moar VA, Scott A. 1988. Head circumference and
developmental ability at the age of seven years. Acta
Paediatr Scand 77:374-379.

Roy AC, Loke DFM, Saha N, Viegas OAC, Tay JSH, Ratnam SS.
1994. Interrelationships of serum paraoxonase, serum
lipids and apolipoproteins in normal pregnancy. Gynecol
Obstet Invest 38:10-13.

Rushton JP, Ankeny CD. 1996. Brain size and cognitive ability:
correlations with age, sex, social class, and race.
Psychonomic Bull Rev 3:21-36.

Shih DM, Gu LJ, Xia YR, Navab M, Li WF, Hama S, et al. 1998.
Mice lacking serum paraoxonase are susceptible to
organophosphate toxicity and atherosclerosis. Nature
394:284-287.

Slotkin TA. 1999. Developmental cholinotoxicants: nicotine and
chlorpyrifos. Environ Health Perspect 107(suppl 1):71-80.

Smolen A, Eckerson HW, Gan KN, Hailat N, La Du BN. 1991.
Characteristics of the genetically determined allozymic
forms of human serum paraoxonase/arylesterase. Drug
Metab Dispos 19:107-112.

Song X, Violin JD, Seidler FJ, Slotkin TA. 1998. Modeling the
developmental neuratoxicity of chlorpyrifos in vitro: macro-
molecule synthesis in PC12 cells.Toxicol Appl Pharmacol
151:182-191.

Thier A, Enck J, Klossner C. 1998. Plagued by Pesticides: An
Analysis of New York State’s 1997 Pesticide Use and Sales
Data. Albany, NY:Environmental Advocates.

Uhl'S, Schmid P, Schlatter C. 1986. Pharmacokinetics of pen-
tachlorophenol in man. Arch Toxicol 58:182-186.

Whyatt RM, Camann DE, Kinney PL, Reyes A, Ramirez J,
Dietrich J et al. 2002. Residential pesticide use during
pregnancy among a cohort of urban minority women.
Environ Health Perspect 110:507-514.

Willerman L, Schultz R, Rutledge JN, Bigler ED. 1991. /n vivo
brain size and intelligence. Intelligence 15:223-228.

Whitney KD, Seidler FJ, Slotkin TA. 1995. Developmental neuro-
toxicity of chlorpyrifos: cellular mechanisms. Toxicol Appl
Pharmacol 134:53-62.

Environmental Health Perspectives « vorume 112 | numser 3 | March 2004

391





